ABSTRACT
INTRODUCTION
The large number of spacecraft in low-Earth orbit requires three-dimensional computer codes that can compute spacecraft-plasma interactions in plasmas in which the Debye length is shorter than the spacecraft dimension. Over the past twenty years, the fully three-dimensional computer codes NASCAP/LEO, 8'9POLAR, 9'1°and DynaPAC 11,i2,13have been developed to meet this need. While each code works well for the range of problems for which it was designed, by today's standards, these codes (particularly NASCAP/GEO) are complicated to use and require expertise to use properly. In addition, NASCAP/GEO and POLAR are limited with respect to geometry. The SEE Handbook and Nascap-2K build on our experience with these codes and were designed to address these limitations.
The SEE Handbook computes spacecraft surface charging for geosynchronous and auroral zone spacecraft. Presently, Nascap-2K computes spacecraft charging in tenuous plasmas, e.g., GEO The potentials as a function of time are computed using implicit time integration of the charging equations.
The multisurface problem is solved by linearizing the currents and inverting the matrix.
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BOUNDARY ELEMENT METHOD (BEM)
Emission of low energy electrons (photoelectrons and secondary electrons) from surfaces plays a crucial role in charging. _8For surfaces having a positive (electronattracting) electric field, these currents are cut off, changing the sign of the surfaces' net current.
Effectively, surfaces for which low energy electron emission is the dominant current satisfy a boundary condition of small, positive electric field. Internal Charging tool is used to investigate the electric field due to deposition of high-energy (MeV) electrons within circuit boards, cable insulation, and other dielectrics. The computer code and its models are further described in References 4 and 5.
SINGLE MATERIAL SURFACE
CHARGING TOOL Figure 3 shows the Single Material Surface Charging tool. The calculation in the figure is for the material "Black Kapton," specified using the Material Properties tool in the environment "Worst Case," specified using the Geosynchronous Environment tool. In eclipse, an isolated sphere of this conducting material reaches a floating potential of-23.0 kV in less than 1 second. The components of the current are displayed along with the net current at 0 V and at the floating potential. When an insulating material is selected, this tool computes the surface potential and current density for a surface of this material on a conducting sphere fixed at the specified backplane potential.
THREE-DIMENSIONAL GEOSYNCHRONOUS CHARGING TOOL
The Three-dimensional Geosynchronous Charging tool (as shown in 
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Charqe I Figure 5 . Nascap-2K structure.
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Obiect Toolkit
As NASCAP/GEO's object definition is limiting and difficult to use, later codes (NASCAP/LEO, DynaPAC)
provided for import of geometry definition from thirdparty finite-element modeling programs, allowing accurate representation of spacecraft geometry.
However, these third-party programs tended to be expensive, difficult to learn, and closely tied to analysis programs designed for other purposes. Thus, it was decided to build a simple, portable Object Toolkit (OTk) program for spacecraft charging purposes.
OTk is written for the Java 2 Platform using Java3D, and is thus immediately portable to all systems supporting the latest Java technology, including Windows, Linux, and several flavors of UNIX. Its output is written in XML, so as to be both portable and manually editable. It is currently able to import Patran files, and can be extended to import files written in other appropriate formats.
OTk builds spacecraft models from the component types "B o x", "Di sh", "Panel", "B oom", "C ylinder", "Assembly", and "Primitive". Each component type has an associated edit dialog to specify its dimensions, gridding, materials, and conductor numbers.
Components, along with their associated transformations, are assembled in an hierarchy to build a spacecraft model. Wizards enable the attachment of components while maintaining "compatible" meshing.
In addition, nodes and elements can be edited manually to accomplish complex or non-standard attachments or geometries.
Output of the Object Toolkit is an XML file containing the nodes and elements of the top-level assembly, all the information needed to rebuild the model from its original components, and the properties of all the materials used in the model.
GridTool
GridTool reads an object from either the Object Toolkit XML file or the DynaPAC database and assists the user in building an arbitrarily subdivided grid around it for analysis. A description of the grid is stored in an ASCII file (identical to that used by DynaPAC). GridTool can then build the element matrices needed to embed the object in the grid structure.
Char_in_ in Tenuous Plasmas
The BEM module for computing spacecraft surface charging in tenuous plasmas has been fully implemented in Nascap-2K. The NASCAP/GEO model is reoriented to fit within the grid. (Note that the sun direction must also be reoriented to match.) The best fidelity model that can be made is that shown in Figure 8 . The OSR area is onehalf rather than two-thirds of the spacecraft side. A cube represents the omni antenna. Actual spacecraft require even more distortion in order to fit them within the grid.
The SEE Handbook model of the spacecraft can be seen in Figure 9 . The location of each of the components is set internal to the code. The user has no control over the distance between the various components or the zoning.
This was done in order to insure stability and reasonable calculation speed in the tool, which is intended for general investigations. The orientation of the solar arrays is set by the longitude, date, and time.
Nascap-2K has a flexible geometric modeling capability. The user can control the size, shape, and gridding of each component. control. For Nascap-2K, the default of geometrically distributed with a minimum of 0.1 seconds and a maximum of 60 seconds was used. The results of these sample calculations are summarized in Table 4 . The potentials at 1000 seconds are shown in Figure 11 through Figure 13 . 
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Nascap-2K Figure 11 . Results of spacecraft charging calculation using NASCAP/GEO. where the solution is complex, the differentials vary by almost a factor of two between the minimum and the maximum.
There are two main contributions to differences between the solutions obtained using these three codes:
resolution of the geometry and time fidelity.
In order to obtain a stable solution, the variation of the potential within a single timestep is limited. The algorithms for this limiting are complex and different for each of these codes. The SEE Handbook uses a strong limiting algorithm in order to insure that the results are stable for a wide variety of problems. In NASCAP/GEO the limiting is partially under user control and moderate limiting (the default) was used for this calculation. Nascap-2K uses much less stabilization as the user is assumed to understand the code well enough to make the appropriate adjustments in the number and distribution of the timesteps in order to obtain a stable solution. As can be seen in Figure 14 , the charging in Nascap-2K is faster than either of the other two codes. The importance of geometric resolution can be illustrated by a comparison of the equilibrum solution given by the three codes as shown in Table 5 . In order to further understand the differences due to geometry, a 
